Harmful algal blooms (HAB) are a yearly event in the waters of Manila Bay, Philippines. The very first major bloom was caused by a toxic dinoflagellate species, Pyrodinium bahamense var. compressum, which is known to cause Paralytic Shellfish Poisoning (PSP). This chapter reviews HAB episodes in the bay recorded from the 1980s to 1990s, and compares them with the more recent events in the 21 st century. Pyrodinium blooms occurred for almost a decade from 1988 until 1998, before being succeeded by a non-toxic species, Noctiluca scintillans, that was first recorded in the year 2001. No PSP cases were recorded between then and the year 2010. More recent bloom episodes, however, were caused by another toxic dinoflagellate species, Alexandrium minutum. The numbers of recorded PSP cases were higher in the 1980s and 1990s bloom events compared to the more recent toxic blooms. The decrease in incidences of PSP do not necessarily mean that the ecological health of the bay has improved, but instead could be due to changes in the physico-chemical properties of the water favouring one phytoplankton species over another. Even though sea surface temperatures and rainfall are known to be associated to HABs, the present study found no significant correlations among the variables tested. Due to the complexity of the environmental issues identified in Manila Bay, it is essential to conduct more comprehensive studies on the biological, physical, and chemical components of the bay to facilitate a clearer understanding of HAB episodes.
Introduction
Almost every coastal country in the world is affected by Harmful Algal Blooms (HABs), commonly known as red tides (Anderson, 2007) , and they represent one of the major marine environmental problems in Southeast Asia (SEA). The phenomenon is caused by the proliferation of phytoplankton species which results from a combination of physical, chemical and biological factors including natural mechanisms of species dispersal, pollution-related nutrient enrichment of water bodies, climatic shifts, and transport of algal species via ship ballast water (Anderson, 1998 (Anderson, & 2007 Smayda, 1989; Hallegraeff, 1993) . Coastal waters in the SEA region are increasingly contaminated by pollutants from various sources, sometimes 3 Sustainability Matters Downloaded from www.worldscientific.com by NATIONAL UNIVERSITY OF SINGAPORE on 08/27/18. Re-use and distribution is strictly not permitted, except for Open Access articles.
reaching levels that cause the rejection of shellfish for human consumption and export (Chua et al., 1989) . The Philippines is one of the countries greatly affected by HABs, with almost yearly recurrences at several coastal areas. Since 1999, the country has recorded the highest number of Paralytic Shellfish Poisoning (PSP) incidences caused by Pyrodinium bahamense var. compressum blooms in the region (Azanza and Taylor, 2001) . PSP results from the ingestion of a potent endotoxin called saxitoxin (STX), which is produced by some species of dinoflagellates. These toxins are accumulated in the tissues of bivalve organisms (e.g. mussel, oysters) and are harmful when consumed by humans. Saxitoxin is classified as a neurotoxin which is capable of causing paralysis to the victim within 24 hours after ingestion (Popkiss et al., 1979) .
The Philippines has experienced a considerable number of red tide outbreaks in the coastal waters in all three major islands: Luzon, Visayas and Mindanao. This phenomenon has been continuously monitored over the last three decades starting from the 1980s to the present. Up to the year 2001, the country has experienced a total of 42 toxic algal blooms which resulted in a total of 2,107 PSP cases with 117 fatalities (Furio & Gonzales, 2004) . Reported economic loss in the Philippines during the 1983 bloom (the very first HAB occurrence in the country) was approximately USD 5 million. The first bloom that occurred in Manila Bay in 1988 resulted in losses of USD 300,000 per day during the height of the episode (Corrales and Maclean, 1995; Azanza and Taylor, 2001) .
HABs have brought tremendous negative impacts, not just to the marine ecosystem, but also to the economy and human health; therefore, understanding bloom dynamics can potentially improve existing mitigation measures and further minimize economic losses. This chapter (1) examines the recorded toxic and non-toxic algal blooms in Manila Bay from 1988 to 2011, and discusses the mechanisms of each causative species; (2) evaluates the roles of two environmental factors, i.e. Sea Surface Temperature (SST) and rainfall, in initiating bloom episodes in the bay and; (3) recommends steps towards improving existing management strategies.
Manila Bay
Manila bay is a semi-closed body of water situated in the western part of Luzon between 14.23
• and 14.87
• N and 120.53
• and 121.03
• E (Figure 1 .1). Its coastline extends to approximately 190 km coastline with a surface area of 1,700 km 2 , estimated volume of 2.89 × 10 10 m 3 and an average depth of Sustainability Matters Downloaded from www.worldscientific.com
by NATIONAL UNIVERSITY OF SINGAPORE on 08/27/18. Re-use and distribution is strictly not permitted, except for Open Access articles. 17 m (Jacinto, et al., 1998; Velasquez, et al., 2002) . The climate of the bay is characterized by two pronounced seasons: (1) dry from November to May, and (2) wet from June to September. Generally, August is the rainiest and February the driest. Three major wind regimes are observed in the bay: (1) Northeast monsoon from October to January, (2) south-easterly from February to May, and (3) south-westerly trade winds from June to September. The circulation pattern of the surface water is influenced by the interplay of the surface wind stress, tidal forces, and freshwater discharges (De las Alas and Sodusta, 1985) . It receives drainage directly from almost 17,000 km 2 of watershed composed of 26 catchment areas. A total of 131 rivers and creeks drain into the Bay and high organic loading from these rivers led to the eutrophication of the waters (Bajarias and Relox, 1996) . It is bounded by coastal cities and municipalities of Bulacan and Pampanga in the North, Cavite and National Capital region or NCR (including Manila, Pasay, Paranaque, Las Pinas and Navotas) in the East, Bataan in the West and Northwest. Also, within the watershed are the non-coastal cities and municipalities of the NCR (Quezon City, Caloocan, Makati, Pasig, Marikina, Mandaluyong, Muntinlupa, Valenzuela, Malabon, San Juan, Pateros and Taguig), provinces of Nueva Ecija and Tarlac in Region 3, and Rizal and Laguna in Region 4. There are several residential areas near the Bay region that stretch from the low lying coastal zone to upland areas. A large number of migrants have moved to the urban areas around Manila Bay, which has contributed to poverty. Many live in shanty houses in waterways (by the rivers and coastal zones), under bridges and abandoned railways (Ashby, 2008) .
Manila Bay plays an important role to the economy of the country due to its numerous contributions (Jacinto et al., 2006) . The bay supports several industries from shipping ports to major fishing grounds and numerous aquaculture farms (Prudente et al., 1994) . Not only does it have high economic value, but it also had been declared as a critical habitat in Metro Manila as it supports numerous endemic wildlife species, migratory birds, as well as mudflats and mangrove resources (Su et al., 2009) . The bay used to be one of the major sources of fishes, shellfishes and other aquaculture products for exports, but the volume of desirable species has diminished considerably over time. Massive economic and biological overfishing in the bay occurred as early as 1948 (Muñoz, 1991) . It is considered to be eutrophic due to the accumulated large amounts of nutrients, mostly coming from domestic discharges, particularly near Pasig River watershed (Jacinto et al., 1998) , and some from indiscriminate discharge of effluents from industries around the area (Jacinto, et al., 2006) . Results from the study conducted by Chang et al. (2009) showed high concentrations of nitrogen species, particularly ammonium, in Pasig River which indicated the river to be the main source of nutrient input to the bay. It receives all outflow from Manila's sewerage system and only about a quarter of the entire population of Manila (approximately 1.14 million) is served by the communal sewerage system (Gunnerson and Cuellar, 1988) . 
Methods

Most
Acquisition of Secondary Data (i) Record of PSP cases in Manila Bay
Data of HABs in Manila Bay were obtained from BFAR Central Office in Quezon City, Philippines. The monitoring unit mainly focused on harmful algal blooms associated with shellfish poisoning. Acquired data include: (a) number of illnesses & deaths associated with PSP cases in Manila Bay from 1988 when it first occurred in the area until the recent date (mid 2012); (b) causative phytoplankton species for each bloom; (c) implicated shellfish and levels of PSP toxins; (d) specific locations where the bloom started and; (e) dates/duration of shellfish ban. The sampling protocol applied by MBMU in detecting PSP events employs measurements of two key parameters which include: (a) toxicity level in shellfish meat samples and; (b) presence of PSP causing organisms. Collection of samples is on a regular basis wherein the frequency of sampling depends on the site. Field sites which are representative of the whole area of concern and specifically chosen based on the logistic reports of red tide occurrence and availability of shellfish resources are already established. One of the primary sampling stations in the Philippines is Manila Bay, which covers Cavite, Navotas (Metro Manila), Bulacan, and Bataan. Sampling for Manila Bay sites is conducted twice a week. Plankton samples are collected using 20 µm plankton net vertically hauled from varying depths. Hauling depths are dependent on the total depth of the sampling station and the length of the plankton net used. Vertical hauling is made starting at 2 m above the bottom. Samples of shellfish meat are collected from the shellfish farms; however wild shellfish are collected if farms are not present. The samples are stored for transportation to the MBMU laboratory in Quezon City. PSP causing dinoflagellates are identified using a compound light microscope and subsequently quantified to be reported as number of cells per litre (L). Levels of toxin from the shellfish samples are determined by performing the mouse assay technique and values are reported as micrograms (µg) STX equivalent (eq) per 100 grams (g) of shellfish meat. Results obtained from the monitoring are used to determine whether or not to issue a shellfish ban in the sampled areas. BFAR established a Shellfish Bulletin in their official website and post shellfish ban notices twice a month. The document specifies which areas of the Philippines are free from toxic red tides and which areas are under the shellfish ban. A shellfish ban entails banning activities which involve harvesting, selling and consuming of bivalve shellfishes. The regulatory limit set for the Philippines is 60 µg Sustainability Matters Downloaded from www.worldscientific.com by NATIONAL UNIVERSITY OF SINGAPORE on 08/27/18. Re-use and distribution is strictly not permitted, except for Open Access articles.
STX eq per 100 g shellfish meat. Whenever laboratory results show toxin levels greater than the threshold set, a shellfish ban will be automatically issued. Areas under the shellfish ban are constantly monitored on a weekly basis until toxin levels fall below the limit for three consecutive weeks and an advisory declaring the area free from toxic red tide is issued; the area is then subsequently opened for shellfish harvesting. Details of the sampling protocol were obtained from Bajarias et al (2006) and through personal communication with the head of BFAR-MBMU, Juan Relox Jr.
(ii) Annual rainfall Data time series of the monthly average rainfall (expressed in millimetres (mm) per month) of Manila Bay (Manila Port Area Sampling Station) from 1988 to 2011 were obtained from Philippine Atmospheric, Geophysical and Astronomical Services Administration (PAG-ASA) which is a government agency mandated to monitor atmospheric, geophysical, and astronomic information in different locations within the country. The agency issues on a routine basis, through the Climatology and Agrometeorology Branch, meteorological and climatological publications and other processed information for interested parties to obtain via requests, provided these data will not be used for commercial purposes. Compiled climate data were transferred into a separate excel sheet and plotted for each corresponding year of occurrence.
Extraction of Sea Surface Temperature (SST) Data
Time series of SST (in degree Celsius (
• C)) data was retrieved from an online data library provided by the International Research Institute (IRI) Climate Data Library.
2 There are several ways of finding datasets in the data library, one of which is retrieval "By Source" which opens a list of datasets organized by different original sources. Integrated Global Ocean Services System Products Bulletin (IGOSS) was selected as the source which provides different datasets and variables, including Global SST data, based on Reynolds and Smith. Version 2 of the optimum interpolation (OI) analysis of SST was chosen over version 1 as the former reduces past errors, and improvements of bias correction were made for the version used (Reynolds et al., 2002) . The OI version 2 SST analysis is produced monthly on a 1
• lat/long spatial grid. Monthly SST data were retrieved by selecting the desired grids: (X) Longitude 120.5 East, (Y) Latitude 14.5 North (Location of Port Area Station, Manila Bay), and Time from January 1988 to December 2011.
Results & Discussion
HABs from 1988 to 2011 and Implications of Bloom Episodes
The very first documented algal bloom in Manila Bay waters was caused by the toxic dinoflagellate species, P. bahamense var. compressum in 1988. Similar HABs reoccured almost every year until 1998 (Figure 1 .2). This species is known to cause shellfish poisoning which can be fatal to other organisms including humans. During the toxic blooms in 1997 and 1998, both Gymnodinium catenatum and P. bahamense were listed as the causative species. Shellfish bans lasted up to 8 or 9 months in 1992 and over from P. bahamense starting from 1998 and dominated from June to September (Jacinto et al., 2006) , almost the same time as P. bahamense were expected to bloom. A previous study conducted by Furuya et al. (2006a) by NATIONAL UNIVERSITY OF SINGAPORE on 08/27/18. Re-use and distribution is strictly not permitted, except for Open Access articles. Figure 1 .3, it can be observed that A. minutum produced relatively less toxins -despite which, it still caused shellfish poisoning to humans who happened to eat contaminated shellfish as the levels were already beyond the regulatory limit. The levels of toxicity measured during the P. bahamense blooms from 1988 to 1998 were much higher compared to the recent blooms caused by A. minutum in 2010 and 2011. One potential reason for the lower toxicity levels of the recent episodes by A. minutum is a change of the nutrient flux ratio in Manila Bay waters. Since PSP toxins are nitrogenous compounds, a reduced amount of toxin per cell in a PSP-producing dinoflagellate is observed under N limitation (Boyer et al., 1987; Anderson et al., 1990) . Conversely, toxin production is higher under P limitation (Boyer et al., 1987 , Anderson et al., 1990 and Guisande et al., 2002) . The year 2002 was the latest available data published on the National Statistics Office's (NSO) website. Generally, the economies of the Asian countries have developed significantly for the past decades, with growth rates of industry and exports far exceeding the growth rates of agricultural sectors (Bautista and De Rosa, 1996) .
Species competition happens naturally between living organisms and plays a major role in their survivability, especially under harsh conditions. Different organisms exhibit various types of mechanisms in order to compete with co-existing species. Based on Shellford's Law of Tolerance, the range of tolerance of a species to local environmental conditions limits its distribution; so that the species will be abundant in areas within its optimum range or, rare if the species experiences physiological stress when certain environmental factors are not within its tolerance limits.
4 In the case of P. bahamense, it was able to dominate over other phytoplankton species for so many years by producing harmful toxins which act as feeding deterrents to higher predators and subsequently increase grazing pressure on other co-existing species. However, an organism's success is based on a set of environmental conditions, may it be biotic factors, abiotic factors or a combination of factors, which determines its success.
5 Organisms respond naturally to the changes of its surrounding environment so that each organism responds differently to various factors according to their degree of tolerance to withstand them.
Affected Coastal Areas and Their Characteristics
HAB episodes are generally seen in almost the same area in every year of occurrence (Figure 1.4) . These coastal provinces include Bataan, Cavite and a few cities within NCR (particularly Navotas, Las Piñas & Parañaque). Most of the affected areas are engaged with aquaculture activities and close to urban centers. The events in 1988 The events in , 1991 The events in , 1994 The events in , 1996 and 1998 occurred only in Bataan. The Pyrodinium bloom events in the years 1992 and 1993 hit three areas; namely Bataan in the west, the coastal cities of Navotas in Metro Manila, as well as in Cavite, which lies along the eastern shores of Manila Bay. For the year 1995, it was only seen in Cavite coastal waters. On the other hand, the blooms of the green Noctiluca, which has been prevalent in the bay since 2001, was observed particularly in the western side (Borja and Furio, unpublished). As indicated by Furuya et al. (2006a) , there was a large scale bloom of N. scintillans off Limay, Bataan in March 2002.
Bloom occurrences at Bataan are more frequent than at other coastal areas. Bataan is subject to multiple environmental issues from improper domestic and major pollutive industries' waste disposal; degradation of the upland forests (due to slash and burn and unsustainable lumber production) and lowland forests (due to quarrying activities in the coastal zone), which subsequently cause soil erosion; and waste deposited in the coastal waters from aquaculture or mariculture activities (GEF/UNDP/IMO/PEMSEA, 2007). The municipalities of Limay and Orion in Bataan experienced the most number of recurring algal blooms in the province. The source of bloom formations in the entire Manila Bay came generally from Bataan. Moreover, shellfish products such as mussels and oysters, which are the usual vectors of PSP toxins, are cultured in the coastal waters of Bataan. Siltation and shallowing of the near-shore are also common problems in Bataan which are consequences of unsound resource-use practices in both inland and coastal areas. The problem of siltation has been around even before the area started receiving lahar (volcanic material) deposits brought about by the Mount Pinatubo eruption in 1991, which aggravated the problem. Vast Sustainability Matters Downloaded from www.worldscientific.com by NATIONAL UNIVERSITY OF SINGAPORE on 08/27/18. Re-use and distribution is strictly not permitted, except for Open Access articles.
quantities of minerals were brought to the surface environment, including copper, zinc, chromium, nickel, as well as massive amounts of toxic heavy metals such as lead, arsenic and cadmium.
6 A year after the Mt. Pinatubo eruption, an accidental oil spill from a tanker going to the refinery in Limay occurred. This incident immediately resulted in pollutive materials entering the Bataan coastal waters. So far, the highest total volume of oil spill in the bay was from the two major oil spill events in 1999 which occurred in both Metro Manila and Limay, Bataan (Jacinto et al., 2006) . Records of oil spill events in Manila Bay from 1990 to 2005 identified Bataan and Metro Manila as having the greatest number of oil spill occurrences, with 8 and 19 incidents, respectively (Jacinto et al., 2006) .
The National Capital Region (comprising of Navotas, Pasig and Parañaque River areas) on the other hand, is characterized as highly urbanized and industrialized areas surrounding Manila Bay. A scene of urban centers with proliferating shanty houses can be found in the metropolis. There is a large amount of informal settlements which are believed to contribute substantially to the deterioration of the water quality. NCR houses 39 special economic zones and technological parks which make up about 30% of the country's Gross Domestic Product (GDP). Various sectors are concentrated in the area: such as agriculture, forestry and aquaculture sectors; industrial sectors which include manufacturing and mining industries; and the largest portion, the services sector, that comprises of trade and financial centres.
7 Approximately 69% of Metro Manila's land area is situated on high elevation while the remaining 31% rest in flood-prone zone (i.e. Manila, Navotas, Malabon, and other parts of Caloocan). Particularly, Navotas and Malabon are the coastal towns that are most prone to flooding during high tides; in the east, the vulnerable areas are Pasig, Marikina, Pateros and Taguig. These areas experience frequent flooding caused by the overflow of the Pasig and Marikina rivers which then contribute nutrients to the bay. Nutrient concentrations (ie. nitrate, nitrite, ammonia and phosphate) were reported to be increasing at the eastern part of the bay especially near Pasig and Parañaque Rivers (Velasquez and Jacinto, 1995; PRRP, 1999) . The Pasig River alone is estimated to receive about 168 metric tons per day of domestic sewage from 11 areas within Metro Manila (PRRP, 1998) .
Lastly, in 1992 and 1995, the coastal waters of Cavite City also experienced toxic algal blooms, caused mainly by P. bahamense. Like the other affected areas, the province of Cavite also engages in aquaculture and agricultural activities. Agriculture is the main land use, with 49.38% of the total provincial land area engaged in some form of farming.
8 The economy of the province relies mostly on agriculture despite the urbanization and industrialization initiated in the 1990s. There are two zones identified within Cavite, (1) extensive open-water aquaculture and urbanized environment (Northern Cavite) and, (2) limited aquaculture, extensive agriculture, tourism and natural environment (Southern Cavite). Cavite is the leading industrial zone located outside Metro Manila, with more than 31 industrial estates available for light and heavy manufacturing activities including the Cavite Export Processing Zone, which is one of the biggest contributors to the country's GDP particularly exports receipts. As a consequence of the complete transformation of the province into an industrial hub, a rapid increase of population occurred with its majority living in the urban areas. Due to the increasing industrial estates in the province, housing subdivisions have also increased which encourage people to migrate and seek job opportunities. 
Mechanisms of the Causative Organisms
This section provides more detailed discussions of each causative organisms' morphology and mechanisms to explain their dominance over a particular period leading to a bloom in the bay.
P. Bahamense var. Compressum Bloom Episodes (1988-1998)
Algal blooms in Manila Bay during the 1980s were mostly caused by P. bahamense Plate var compressum Böhm (Steidinger et al., 1980) which is a thecate, chain-forming and toxin-producing species. Except for the bloom events that occurred in 1996 & 1998, G. catenatum dominated at the same time with P. bahamense. A study on the mechanism of P. bahamense by Villanoy et al (1996) postulated that thermal stratification and vertical stability of the water initiates bloom formation. Azanza and Taylor (2001) observed that El Niño events coincided with the Pyrodinium blooms in the Indo-West Pacific such as in Samar-Leyte in 1982-1983, and  Manila Bay in 1997-1998. However, this hypothesis was negated as the El Niño Phenomenon in 1997 did not trigger any bloom events in the entire Manila Bay (Azanza, 1997) despite the favourable conditions of high water temperature. The growth of P. bahamense is known to respond to changes of temperature. In a study by Gedaria et al. (2007) , P. bahamense was observed to grow within a temperature range of 23 to 36
• C, with optimum growth at 25
• C. Previous researchers had observed a slower growth rate as well as a constant decrease in toxin concentration with higher temperature conditions. This observation could potentially explain why there were no cases of PSP during the El Niño event in 1997 as an increase of temperature might have caused P. bahamense to produce less toxins as a stress response. However, another study observed a significant effect of temperature on toxin content such that toxicity increased by three-fold as the temperature decreased to 22
• C (from the optimum of 28 et al., 1994) . Hence, the varying response of this species to change of temperature only proves that SST is not solely the initiating factor of Pyrodinium blooms.
Gymnodinium catenatum Bloom Episodes (1996 and 1998)
Among the dinoflagellate species which are known to contain PSP toxins, G. catenatum is the only species which is not armoured. Extensive blooms of this species is thought to be triggered by high rainfall and influx of dissolved organic matter (DOM), i.e. humic substances (Doblin et al., 1998) . In culture experiments of G. catenatum, Hallegraeff et al. (1995) revealed doubling growth of this species with addition of soil extract to the culture medium. It is known that soil extract produces chelating effects, which could decrease toxic concentrations of metal ions (e.g. copper) or increase availability of other metal ions required as nutrients, such as iron and manganese (Anderson and Morel, 1978; Sunda, 1989) . According to Hallegraeff et al. (1995) , the key environmental variables that initiate G. catenatum blooms are water temperature, windstress and most of all, rainfall events which contribute to the input of nutrients from terrestrial runoff.
These previous observations suggest that G. catenatum can co-exist with P. bahamense as they seem to be initiated and maintained by both high water temperature and high amounts of rainfall. In Tasmanian waters, G. catenatum appear to develop in a favourable water temperature window particularly between January and June (January to March is characterised by drought) and the first significant rainfall event aggravated the bloom formation (Hallegraeff et al., 1995) . These are the same conditions observed Sustainability Matters Downloaded from www.worldscientific.com by NATIONAL UNIVERSITY OF SINGAPORE on 08/27/18. Re-use and distribution is strictly not permitted, except for Open Access articles.
by Villanoy et al. (1996) and Bajarias and Relox (1996) where bloom events of P. bahamense were usually preceded by high water temperature and further triggered by rainfall events, particularly during the southwest monsoon.
Noctiluca Scintillans Bloom Episodes (2001-2009)
Noctiluca scintillans has dominated P. bahamense since the last toxic bloom occurrence in 1998. Blooms of N. scintillans are a common phenomenon associated with eutrophic waters such as in Jakarta Bay (Adnan, 1989) and the upper Gulf of Thailand (Suvapepun, 1989) . Noctiluca scintillans produces pinkish red discoloration in various temperate and subtropical waters but green discoloration in tropical waters on the other hand (Fukuyo et al., 2011) . There are two classifications of this species which are mainly due to either the presence of a tiny green flagellate endosymbiont (green Noctiluca) or its absence (red Noctiluca), which cause the difference in color during bloom formation. The species of N. scintillans in Manila Bay contained a green flagellate as an endosymbiont; hence, it is classified as green Noctiluca. Furuya et al. (2006a) used laboratory cultures of N. scintillans to show that the symbiosis gave an advantage to the organism in times of food limitation; hence, it dominated co-existing diatom and dinoflagellate species. They also found that although the symbiosis secured survival of the green Noctiluca, it did not stimulate proliferation even with sufficient light and nutrient salts. Another mechanism of the green Noctiluca is phagotrophy, which favors active growth and allows them to gain dominance over co-existing algal species. However, this particular mechanism is facultative according to the results of an experiment by Saito et al. (2006) where isolated cultures of non-feeding strains from the upper Gulf of Thailand grew photoautotropically for years, but they also fed on Dunaliella tertiolecta, which indicated that phagotrophy is an optional mechanism of green Noctiluca to survive. This observation revealed the role of phagotrophy exhibited by the green Noctiluca in controlling other phytoplankton population by acting as grazers (Fukuyo et al., 2011) . Hansen et al. (2004) showed that phagotrophy of green Noctiluca on the P. bahamense cells contributed to approximately 30% of its direct growth. This ability to graze on co-existing species could have allowed the green Noctiluca to dominate during the months when blooms of Pyrodinium were anticipated to occur but never happened and continued to persist in the bay since 2001.
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Noctiluca species are less harmful compared to other HAB species; however, they can still cause massive fish kills due to oxygen depletion which can significantly impact fisheries (Huang and Qi, 1997; and Harrison et al., 2011) . This consequence is very well recognised and has been responsible for major caged-fish kills (Smayda, 1997; Navqi et al., 1998) . Noctiluca scintillans is considered harmful to fish because it is capable of massive slime production during the bloom decay process, which can clog fish gills (Subrahmanian, 1985) . This species is known to produce a simple ichthyotoxin of high ammonia (NH3) concentration which is contained in their vacuoles (Elbratcher and Qi, 1998) and are detrimental to the fish population (Smayda, 1997) . Most fish kill events happen in confined areas or embayments with less water circulation and are further caused by the following situations: (1) unconsumed food particles deposited in the substrate of a fish cage -this promotes aerobic decomposition, which leads to competition for available oxygen for consumption -and (2) accumulation of excreted materials from fishes in fish cages, especially when there is lack of water circulation, which further cause oxygen depletion. The massive fish kill in Bolinao Pangasinan (a coastal community at the northern tip of Luzon) in 2002 seemed to coincide with the increase proliferation of fish cages and pens in the area . Increased nutrient concentration from the years 1995 to 2001 was attributed to a more than 300% increase in fish pens and cages (San Diego-McGlone and Ranches, 2003) in Bolinao. These observations demonstate the major effects of the unregulated utilization of resources to the coastal environment.
Blooms of N. scintillans are formed by assemblages of bouyant cells on the water surface which are generally transported by the prevailing winds, tides and oceanic currents (Le Fevre and Grall, 1970; Schaumann et al., 1988; Huang and Qi, 1997) . There have been reports of massive fish kills in 2002 in different coastal communities in Luzon Island including the eastern side of Manila Bay where some fishermen observed water discoloration in the area between May to June; however the causative organism was never confirmed. It was in 2001 that a large scale bloom of N. scintillans was seen in the bay for almost the entire year (Furuya et al., 2006a) . The cells of Noctiluca could have been advected to the eastern side through the prevailing southeasterly wind from February to May (Furuya et al., 2006a) . Also, there was a separate report of fish kills in Bataan between the last week of June to the first week of July 2002 (BFAR-MBMU) but water samples collected and analyzed during that event showed a monospecific bloom of Alexandrium sp. instead. As there was a spike of the monthly Sustainability Matters Downloaded from www.worldscientific.com by NATIONAL UNIVERSITY OF SINGAPORE on 08/27/18. Re-use and distribution is strictly not permitted, except for Open Access articles.
average rainfall in July 2002 (from 37.4 mm in June to approximately 1468.0 mm in July), the heavy downpour could have caused the excess nutrient inputs to the bay from terrestrial runoff which resulted in oxygen depletion and subsequently, massive fish kills.
Bloom duration and intensity of the green Noctiluca have been observed to be increasing in Manila Bay and in other parts of Southeast Asia such as in the Gulf of Thailand and Jakarta Bay (Furuya et al.., 2006a) . However, quantitative descriptions of the blooms of green Noctiluca in Manila Bay are not known (Hansen, et al., 2004; Furuya, et al., 2006b; Harrison et al., 2011) . Bloom dynamics of the green Noctiluca included phagotrophy (Sriwoon et al., 2008) as well as photoautotrophy under food-limited water environments (Harrison et al., 2011) . These observations imply a progressive euthrophication of Southeast Asian waters which provide a competitive advantage to the green Noctiluca over co-existing phytoplankton species through increased food availability (Harrison et al., 2011) .
Alexandrium minutum Bloom Episodes (2010-2011)
The bloom dynamics of A. minutum in Manila that previously caused shellfish poisoning in the area is not very well understood. Like P. bahamense, A. minutum also undergoes a dormancy period; but it is a mandatory stage so it does not proceed with germination even when environmental conditions are favourable (Anderson, 1998) . According to Anderson (1980) , the duration of the dormancy period among Alexandrium species is generally considered a time for physiological "maturation" which varies from species to species of the same genera. The duration of this interval is only known for A. tamarense, which undergoes dormancy for 4 to 6 months at 4
• C. However, when temperatures increase, the period will be shortened to 1-3 months (Anderson, 1980) . Hence, it is critical to understand the dormancy stage of the causative Alexandrium species to better forecast the timing of recurrent blooms (Anderson, 1998) .
In the Philippines, incidents of A. minutum bloom have so far occurred only in the coastal waters of Bataan and Pangasinan (Bolinao) in 2010 and 2011. Several studies have confirmed that A. minutum usually blooms in shallow salt ponds and coastal bays (Anderson et al., 1983; Su et al., 1993; Ho and Hodgkins, 1993; Takeuchi et al., 1995; Giacobbe et al., 1996) . The past two bloom episodes of A. minutum happened in Bataan waters where shallowing of the nearshore is widespread. Only a few patches of lowland vegetation is left to protect the coastal areas from soil erosion, Sustainability Matters Downloaded from www.worldscientific.com by NATIONAL UNIVERSITY OF SINGAPORE on 08/27/18. Re-use and distribution is strictly not permitted, except for Open Access articles.
and sediments carried via runoff are accumulating, possibly causing the shallowing of the coastal area. Siltation is also a huge problem in Bataan because the coastal area is being utilised for aquaculture and industrial developments. According to Lim et al. (2006) , A. minutum exhibits a shadeadaptation strategy which allows it to adapt to a very low light intensity and still grow optimally. Bolinao coastal waters have experienced a bloom of A. minutum for the first time in 2003, but it did not bloom for several years until 2011, together with Bataan. The conditions of the water quality in both areas were comparable, with net fish cages being very common. Similar to Bataan, Bolinao also suffers high levels of siltation Terrados et al., 1998) . Furthermore, A. minutum is classified as euryhaline due to its ability to withstand a wide range of salinity. According to Lim et al. (2004; 2007) , A. minutum blooms have been found in low salinity waters. The Philippines has been experiencing high rainfall, which has caused flooding incidents, especially in Metro Manila areas. With heavy rainfall, large amounts of freshwater input cause salinity fluctuations in Manila Bay's waters and possibly favour A. minutum. While nutrients play a great role in the survivability of a particular organism, Hutchinson (1944) pointed out that some events could not be explained by simply looking at the associated abiotic factors but also the possibility of the organisms to produce other active compounds known as allelochemicals. Alexandrium is known to exhibit allelopathy which may be more important to the success of this species than the PSP toxin, saxitoxin (Fistarol et al., 2004) . Allelopathy refers to any processes involving secondary metabolites released by plants, microorganisms, viruses and fungi that affect competing organisms.
10 Allelochemicals have been suggested to have great influence in species competition, succession and bloom formation or even maintenance of the species in an area (Pratt, 1966; Keating, 1977; Rice, 1984; Lewis, 1986; Wolfe, 2000; Rengefors and Legrand, 2001; Vardi et al., 2002; Legrand et al., 2003) .
Environmental Parameters Associated with Bloom Episodes
Blooms of P. bahamense were mostly observed at the onset of the wet season, i.e. June to September, as previously discussed by Bajarias and Relox (1996) . A few bloom events however, started a little earlier before the onset of the wet season, such as the events in 1992, 1993 and 1996. The periods of blooms (highlighted in Figure 1 .5 below) were generally preceded by relatively high values of sea surface temperature (between 28 and 31 • C) and blooms continued to persist until the colder months, which are typically from October to January during the Northeast monsoon.
According to Villanoy et al. (1996) the formation and maintenance of Pyrodinium blooms were due to the increase in thermal stratification Sustainability Matters Downloaded from www.worldscientific.com by NATIONAL UNIVERSITY OF SINGAPORE on 08/27/18. Re-use and distribution is strictly not permitted, except for Open Access articles.
and vertical stability of the water column Vertical stratification caused by anomalous sea surface temperatures is said to be one of the major factors that influence HABs according to Moore et al. (2008) . Increased stratification caused by warming reduces vertical mixing and favours the maintenance of phytoplankton assemblages in the upper water column (Doney, 2006) . In addition, utilization of nutrient supply at the water surface in a thermally stratified ocean is rapid (Behrenfield et al., 2006) . This condition favours growth of certain phytoplankton species which allows them to dominate and bloom at the water surface. Species with lower nutrient requirements or those with the ability to drift to nutrient-rich regions when the availability of food is getting scarce will survive (Schofield and Falkowski, 2004) . However, the bloom pattern which coincides with the Southwest monsoon described by Bajarias and Relox (1996) was not observed during the years of 1989, 1990 and, more importantly, in 1997 , when an El Niño event occurred. Environmental parameters during the mentioned years are shown in Figure 1 .6. It was previously thought that red tides caused by toxic dinoflagellates, including P. bahamense, could increase in intensity and duration during or after an El Niño phenomenon (MacLean, 1989) . The El Niño event in 1997 to 1998 brought severe drought to the country. This observation suggests an important role of heavy rainfall in the initiation or maintenance of bloom by providing the limiting nutrient that enhances growth of phytoplankton species. Fig. 1.6 . Monthly average SST and Rainfall during the years when no PSP cases were reported (ie. 1989, 1990, and 1997 It is worth noting that the two major oil spills that occurred in Manila Bay in 1999 (particularly in Metro Manila and Bataan) could potentially be one source of some major changes in the water quality which then affected the phytoplankton community assemblages. A study on the indirect effects of contaminants (including petroleum hydrocarbons) on aquatic environment done by Fleegera et al. (2003) revealed both top-down and bottom-up effects. In their experiment, they observed an increase of primary producer assemblages following a contaminant-induced impact on grazers. Many studies support the hypothesis that there is a very strong top-down effect caused by water contaminants. Predators or grazers seem to be more sensitive to contaminants than their prey as they suffer significant mortality, which allows the prey to increase in abundance. On the other hand, these contaminants influence the base of the food chain which may be affected by the contaminant-induced modifications of the rate of nutrient flux for primary producers. Petroleum hydrocarbons contain a significant amount of organic matter (Peterson et al., 1996) which contribute to the enrichment of nutrient availability in a water system. These conditions could have favoured an optimum environment for another phytoplankton species (in this case, N. scintillans) to dominate P. bahamense. Noctiluca scintillans is a non-toxic dinoflagellate species which is often associated with excess food supply or a eutrophic condition. This species is also a heterotrophic (non-photosynthetic) species, which engulfs its prey (also known as phagotrophy), and is primarily composed of plankton including diatoms and other dinoflagellates.
11 Due to the imbalanced proportions of nutrient ratios, other organisms are able to use organic compounds to supplement their uptake of inorganic substances. Hence, heterotrophy is one of the major strategies used in a high proportion by algae in eutrophic environments (Burkholder et al., 2008) . Based on the field observations by Furuya et al. (2006) during the bloom event in 2004, proliferation of Noctiluca was observed during the months of February until April of that year. Average SST on these months ranged from 27
• C to 29 • C and rainfall values of 40.50 mm, 0 mm and −1.0 mm from February, March and April, respectively (highlighted in Figure 1.7) . However, climate parameters during the earlier Noctiluca bloom in March 2002 showed a relatively low SST (27.49 • C) and less amount of rainfall (7.8 mm). Low rainfall during the bloom events of N. scintillans suggests that the species did not solely rely on their nutrient requirements from inputs through runoff but on other strategies too; such as phagotrophy in order to survive in a competitive environment. Due to a very limited availability of data, the present study was not able to add to knowledge regarding the specific conditions during the bloom events of N. scintillans in Manila Bbay from [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] . Lastly, the more recent HAB events in the bay were Sustainability Matters Downloaded from www.worldscientific.com by NATIONAL UNIVERSITY OF SINGAPORE on 08/27/18. Re-use and distribution is strictly not permitted, except for Open Access articles. caused by A. minutum, which is another PSP-causing dinoflagellate species. Alexandrium blooms in 2010 and 2011 typically started towards the end of the year, having moderate amounts of rainfall and SST ranging from 28 • C to 29.5
• C. Blooms of A. minutum were observed occurring for only two years recently, hence there are only a few data to describe it.
A summary of the PSP cases in each year of occurrence with the corresponding values of the average annual SST and rainfall is shown in Table 1 .1. Standard correlation of the number of PSP cases yearly with annual SST and rainfall (mm per year (yr)) was performed but established no significant relationship between the variables (Figures 1.8-1.9 and Table 1 .2). However, these findings are not conclusive as the data for SST and rainfall were only correlated to the number of PSP cases and not HAB occurrences. There are some years when there were no PSP cases recorded Sustainability Matters Downloaded from www.worldscientific.com by NATIONAL UNIVERSITY OF SINGAPORE on 08/27/18. Re-use and distribution is strictly not permitted, except for Open Access articles.
but non-toxic HABs were observed in the bay. Regardless of whether it is toxic-related or not, regular monitoring of the density of algal cells (i.e. target plankton species) with corresponding physico-chemical parameters should be done to further elucidate the relationship between variables.
Conclusions and Recommendations
A more holistic approach, incorporating all the relevant components (i.e. biological, chemical and physical aspects) should be employed in order to achieve a clearer understanding of HAB trends in Manila Bay. The decreasing number of PSP cases over time does not necessarily suggest improved ecological health of the bay but, rather, could indicate a potential change in the physico-chemical properties of the water that favour one phytoplankton species over another. Although no significant correlation between rainfall and PSP cases was detected in this study, it is critical to investigate the quality of rainfall that the bay is receiving, considering the amount of atmospheric pollution from the different industries, ships and other automobiles which are emitted within the vicinity of the bay. Rainfall is known to react with atmospheric pollutants to form acidic compounds such as nitric and sulphuric acids that are detrimental to aquatic organisms. Ultimately, these compounds could potentially intensify the nutrient concentrations of Manila Bay which then favour algal bloom formations. Hence, constant monitoring of the physico-chemical parameters are essential for explaining bloom formation. In addition, biological aspects should also be given additional attention so that the overall ecological health of the bay can be assessed. Explaining the shift in the causative organisms can be very challenging, but, it will be possible with long term and a more comprehensive environmental monitoring data. The monitoring protocol should not only focus just on toxin analysis of shellfish products, but also integrate a thorough water quality analysis of the identified monitoring sites. More importantly, good governance that promotes transparency, accountability and participation among various stakeholders is an essential step in solving the complex environmental issues related to harmful algal blooms.
